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The purpose of this research was to investigate the use of cellulose nanofibers
(CNF) compounded into an impact modified polypropylene (IMPP) matrix. A
IMPP was used because it shrinks less than a PP homopolymer during FLM
processing. An assessment of material properties from fused layer modeling (FLM),
an additive manufacturing (AM) method, and injection molding (IM) was
conducted. Results showed that material property measurements in neat PP were
statistically similar between IM and FLM for density, strain at yield and flexural
stiffness. Additionally, PP plus the coupling agent maleic anhydride (MA) showed
statistically similar results in comparison of IM and FLM for density and strain at
yield. Nano-composite sample groups for FLM processing underperformed in all
mechanical properties when compared to IM processing. The groups with CNF
content of 15% wt.% and coupling agent performed 8% better that the neat PP for
tensile strength, 33% better tensile stiffness, 9% improved flexural strength and 20%
higher flexural stiffness for IM processing. In IM and FLM, the neat and PP+MA
groups exhibited the highest Izod impact strength values at 125 and 106 J/m,
respectively. Scanning electron microscopy (SEM) imaging shows dispersion of CNF
particles, composite porosity (micro and macro), voids produced by FLM filament
processing and the deposition inaccuracy observed in FLM test coupon processing.
The samples containing CNF fibers exhibited over/under filling defects (necking),
dimensional accuracy errors attributed to polymer shrinkage, coupled with the
dimensional inaccuracy observed in FLM samples. The use of PP in FLM
processing shows potential with the neat PP results obtained from this study.
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Chapter 1
INTRODUCTION
1.1 Background
1.1.1 Cellulose Fibers
Cellulose is the most abundant polymer on the planet and is sustainable,
renewable and has relatively a stable market price. The material cost of bleached
and unbleached hardwood fibers range from about $500 to $1,700 per ton, including
energy costs [1]. Prices of fibers differ among processing methods, such as
fluidization, homogenization or micro-grinding and the source material, namely
bleached vs. unbleached hardwood.
1.1.2 Cellulose Processing
Mechanical grinding fibrillation has increased in popularity for processing
cellulose on a micro/nano-scale since the turn of the century. Cellulose is a highly
hydrophilic material and holds up to 97% water in suspension. Researchers initially
produced cellulose fibers with a 10-90 nm diameter [2]. Production levels are on the
rise according to a 2015 Nano-cellulose state of the industry address. Entities like
Paperlogic and the University of Maine reported CNF production reaching from up
to 1,000 kg/day to 2,000 kg/day, respectively. Production forecasts estimate fiber
yields reaching levels of 56,000 tons a year [3]. More recently, researchers have used
the mechanical grinding method to consistently obtain fibers with a diameter of 15
nm [4]. One difficulty in processing fibers is removing the high water content.
Afterwards, compatibilization by fiber sizing or a matrix coupling agent is used to
make the polar fiber bind chemically with non-polar polymer matrices.
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Studies on various drying methods like convection oven, freeze, supercritical and
spray drying have greatly elucidated the necessary cellulose fiber dehydration
parameters and the morphological effects attributable to each drying method. Some
noticeable effects are changes in particle morphology and the tendency to increase
fiber sizes [5]. This result is attributable to agglomeration caused by hydrogen
bonding in suspension which is further related to the dried CNF’s surface free
energy. The particles dispersive free energy decreases as drying temperature
increases which effectively reduces particle size attributable to agglomeration during
melt compounding [6]. Wide-scale mechanical fiber interlocking in oven and freeze
drying prevent these methods from being useful in compounding cellulose
nanocomposites [5]. The spray drying method has become a proficient and suitable
process for dehydrating and modifying CNF fibers used in polymer
compounding [6]. The University of Maine and the Forest Bioproducts Research
Institute (FBRI) have partnered to establish a pilot spray drying plant, located in
Old Town, ME, that is capable producing around 1kg of dried cellulose a day. Until
this collaboration, yield of dried nanofibers and crystals has been limited to
magnitudes ranging in tens of grams.
Cellulose nano-fibers are known to enhance material strength properties [7].
Among them are stiffness, tensile, flexural and impact strength [8]. Added benefits
of CNF include low weight and recycling potential when compounded with
thermoplastic matrices. Cellulose fibers can be refined to crystalline cellulose
without hemicellulose or lignin. Leaving just the cellulose improves material
properties. As the structural elements of cellulose in wood become more uniform
and concentrated, the stiffness is increased by magnitudes of tens to the hundreds.
Dimension lumber stiffness ranges from 5-10 GPa [9] and contains cellulose,
hemicellulose, extractives and lignin. The mechanical strength of lumber is only as
good as the weakest component of its structure, which is usually knots, checks, twist
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and warp (etc.). Wood fibers, 20-50 µm in width, show stiffness values of 14-27
GPa [10]. Smaller width wood fibers contain less structural defects and exhibit
improved mechanical properties; cellulose, hemicellulose, lignin and extractives are
still present. Upon testing fibers on the micron to nano-scale, 4-100 (nm) in width,
tensile moduli range between 100-220 GPa [11]. The results measured from the Iα
(alpha) and Iβ (beta) crystals parallel to the load bearing axis result in a 30-50 %
increase as opposed the generally accepted 100 GPa average. Literature data [12]
showed that there was a marginal decrease in crystallization of CNF composites with
increased fiber content. The decreased moduli values are attributable to amorphous
regions in the polymer matrix or air cavities caused by particle agglomeration. An
aligned and well dispersed interaction of these structural elements within a polymer
matrix can greatly influence a composites mechanical properties.
Thermal stability is a highly important consideration when choosing a
thermoplastic matrix that is compatible with cellulose nanofibrils. The thermal
degradation of cellulose in CNF/PP composites occurs in three stages, as measured
by thermogravimetric analysis (TGA). The first mass loss is attributable to
evaporating surface and residual moisture at temperatures ranging from 100-150°C.
The second considerably larger mass loss relates to the thermo-chemical
decomposition of cellulose chains at approx. 250-350°C. The final loss in mass is the
result of molecular deterioration of polymer chains along with its components at a
maximum temperature of approximately 460°C [12]. Thermal degradation behavior
common in CNF-filled WPC are increased onset mass loss at higher temperature
attributable to the larger CNF content and a slight increase in the decomposition
temperature because the CNF delays the formation of gaseous particles formed by
polymer matrix chain scission in single carbon-carbon bonding [12].
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1.1.3 Polypropylene (PP)
Polypropylene is a very common commodity thermoplastic and is used because
of its competitive price, ease of recycling and thermal stability. PP is useful in
automotive and packaging industries because it has good chemical properties such
as water and ultra-violet resistance as well as good physical properties like stiffness,
lightweight and forgiving molding design capabilities [12]. To the advantage of
natural fibers, the working temperature of polypropylene is below the thermal
degradation temperature of cellulose fillers.
1.1.3.1 Impact Modified Polypropylene (IMPP)
Polymer type and material characteristics are several factors to consider in
reducing shrinkage in PP composites. A polypropylene impact modified copolymer
(IMPP) with a higher melt flow index (MFI) is useful in reducing shrinkage via the
mechanisms of reptation and entanglement. The term reptation is used to describe
the movement of long linear macromolecular chains. Higher MFI results in shorter
and lower molecular weight chains. This is characterized by the lower viscosity of
the polymer melt and in the case of PP, less entanglement of the linear chains
during cooling. Mobility decreases as the polymer cools and shrinkage is reduced.
One study showed that as MFI was reduced and the molecular weight distribution
(MDI) broadened, IM shrinkage in the mold direction increased and shrinkage in
the transverse direction went unchanged among different PP polymer types [13].
The polymers used had MFI values up to 9.6 (dg/min) and consisted of ethylene
(0.5-14.6 wt.%) block copolymer. The impact modification of the matrix benefits
impact strength ratings at lower temperatures because of increased ductility.
Impact modifier elastomers like ethylene vinyl acetate and ethylene propylene diene
terpolymer improve impact values by 2 and 20 fold [14].
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A study done on impact modified PP evaluated degradation of the material
upon multiple extrusions at high temperatures. In this study, the polymer was
processed at temperatures of up to 260°C and 100 rpm on a single screw extruder
(SSE) with a l/d ratio of 30 for 5 extrusions [15]. Properties analyzed included
changes in MFI, yellowness index, and time to brittleness in days at 150°C. The
MFI was doubled because of a decrease in average molecular weight (MW). The
MW distribution narrowed with a small shift towards smaller sized chains or a
reduction in high MW chains after the 5th extrusion. A majority of discoloration
occurred in side reactions of any stabilizer components after the 5th extrusion.
Another study concludes that there was little to no degradation of IMPP polymer
after the 5th extrusion at 220°C [16]. Additionally, there was little decrease in the
number average molecular weight (Mn) and weight average molecular weight (Mw)
of the polymer. Thermal analysis showed that the crystallization and melting
temperature changed very little after multiple extrusions. In addition, the impact
strength did not decrease after a cycle of five extrusion processes.
Crystallization kinetics play a role in polymer processing in the form of half time
of crystallization (t1/2) and the cooling rate (Φ). Compared to PP homopolymer
(PPHP), IMPP is typically polymerized with a low amount of elastomer (usually
ethylene). This reduces crystallization time and increases processing time. A
nucleating agent is used to reduce crystallization time, but at the cost of
heterogeneous nucleation sites starting at higher crystallization temperatures.
Depending on the cooling rate and the presence of a nucleating agent, the ethylene
copolymer will crystallize simultaneously with the PP backbone. At high Φ the
ethylene segment freezes and crystallizes with the PP and at low Φ it crystallizes
separately [17]. A nucleated IMPP has lower crystallinity (%) when compared to an
IMPP (no nucleating agent) or PPHP. At a cooling rate (Φ°C/min) the (t1/2) is 2.55
min for PPHP and 2.25 min for a nucleated IMPP [17].
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1.1.3.2 Shrinkage
Rapid crystallization rates cause PP to shrink during cooling. It has been
observed that PP shrinkage is decreased from 0.010-0.025 mm/mm to 0.002-0.005
mm/mm with the addition of 30% glass fiber content [18]. Wood particles cause a
similar effect, acting as a nucleating agent, thus increasing the polymer’s
crystallization speed and reducing the melting temperature [19]. However, such fiber
loading levels may not be applicable in FLM’s smaller 1.75 mm filament size which
is attributable to the increased rigidity which leads to brittle, difficult to handle,
materials. Modified polymers can be used to address this processing concern but at
the cost of lower mechanical performance. The addition of CNF in the lower
strength polymers helps compensate for the lack of stiffness compared to isotactic
PP. The composition of impact modified PP used in the Yang study [20] did not
contain a compatibility agent. Coupling agent is known to improve the mechanical
strength when using polar natural fibers and decrease the viscosity in melted
polymer matrix.
Figure 1.1: Deformation effects attributable to shrinkage of IMPP polymer during
cooling after FLM processing.
1.1.4 Cellulose Nanocomposites
The combination of PP and cellulose nanofibers creates a viable composite with
massive bio-availability and huge economic potential. Neat isotactic PP in injection
molding performs well, in tensile properties, with 1.43 GPa stiffness and 29.5 MPa
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strength [8]. Addition of CNF particles improves the stiffness and strength of pure
PP by 20% and 3%, while reducing strain at maximum load from 9.4% to 6.4% [8].
Composite mechanical properties are enhanced by cross-linking the fibers with the
matrix via a chemical pretreatment that consists of forming a bond with the
coupling agent or modifying the matrix during compounding with an additive
compatibilizing agent that is added during melt compounding.
1.1.5 Fiber and Matrix Compatibilizer
Maleic anhydride grafted polypropylene (MAPP) is the preferred PP matrix
coupling agent for polar natural fibers because it is easy to use in melt processing
and performs well at low weight and higher fiber wt.% content, like 40/60
WF/PP [21,22]. The addition of fibers with 2% MAPP pellets improved neat PP
by 11% and 36% in tensile strength and modulus, respectively [8]. Silane coupling
agents are another means of improving interfacial adhesion but instead of the
matrix, the fiber is modified in-situ in a heated environment (spray drying) where
covalent bonding occurs [6].
1.1.6 Extrusion and Composite Processing
Uniform fiber dispersion during mixing is essential to promoting stronger
mechanical properties. Twin screw extrusion (TSE), in industry, is known to
produce good dispersion when mixing fillers in melt compounding. A machine
equipped with kneading disks improves uniform dispersion of CNF by passing the
polymer melt through high stress regions (HSR) [23] [24]. Using a TSE machine is
an advantage over a single screw extruder (SSE) because the extrudate passes
through these HSR regions (kneading discs) multiple times. Flexural strength using
TSE was better than SSE but both were lower than a composite extruded with an
extensional flow mixer (ESM) [23].
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1.1.6.1 Master Batch Method
A master batch (MB) method of 30% spray dried cellulose nanofibers is beneficial
for composite processing because it eliminates dispersion difficulties and simplifies
the addition of additives. Composites produced using the MB method exhibit better
mechanical properties and improved intercalation in the polymer melt [23]. Initially
a high fiber content master batch of 30% cellulose particles are mixed then melt
compounded. The neat matrix and coupling additives (MAPP) are introduced into
the compound during the second extrusion process. A final extrusion process dilutes
the composite to a desired CNF concentration (wt.%). For the purpose of this
research, the CNF content was 7.5 and 15 (wt.%). Especially when handling
cellulose, the primary goal is good dispersion, but secondly, degradation should be
limited. Thermal degradation is limited by the number of processing steps involved
in sample preparation until mechanical testing occurs. Using the MB method and a
10 wt.% CNF content, one study reported flexural strength and modulus increased
by 5.9% and 26%, respectively [25]. Improvements were attributed to enhanced
interfacial interactions between particles and polymer matrix.
1.1.7 Injection Molding
Injection molding (IM) is a standard processing method to test thermoplastic
composite materials and employs accepted standard test molds for determining
tension, flexural and impact strengths. IM offers higher throughput, dense and
consistent coupons used for mechanical testing. However, a shrinkage issue exists
while using polymer matrices like polypropylene. One study assessed the shrinkage
of a co-PP matrix with the addition of inorganic fillers but saw little change in
shrinking when measuring it in length, width and thickness [26]. It is known that
the combination of anisotropic natural fibers and injection molding leads to
semi-aligned fiber reinforcement. Agglomeration of particles in the mold is still
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difficult to prevent without additives. Additional shear forces experienced during
extrusion may break fiber bundles and may also break molecular chains depending
on the molecular weight of the polymer [24].One author, [27] found that increased
chemothermomechanical (CTMP) fiber content resulted in increased fiber
orientation in the mold flow direction. A processing method that aligns fibers and
promotes dispersion should produce ideal mechanical properties in PP and natural
fiber composites.
1.1.8 Additive Manufacturing- Fused Layered Modeling
Fused layer modeling (FLM), commonly referred to as 3D printing or additive
manufacturing (AM), is transitioning from a hobby to the industrial setting but
polymers like polypropylene are difficult to print in normal AM environments. The
row by row layer by layer extrusion method employed by FLM is reported to reduce
the mechanical properties of samples by 20-30% [28], as compared to injection
molding. Izod impact testing is one mechanical property that is affected less by
FLM processing. A review of the literature shows that FLM samples impact test
results are is similar to that of injection molded samples [29]. In part, results are
attributable to the 75% β-crystal structure composition of IMPP which is known for
improving impact strength [30]. The β-crystal formations, normally seen in IMPP,
appear not to be affected so much by the nozzle temperature during processing.
These formations, controlled by cooling rates, in the matrix are affected by the
constant contact with the 130°C build plate. With the first FLM layer, the
temperature is highest and as the subsequent layers of filament are deposited, a
temperature gradient forms throughout the sample. This, combine with various
processing parameters, produces varying crystalline content, in α or β forms of the
samples ??.
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Figure 1.2: A tensile test coupon virtually displayed in Cura software and annotated
for future reference of the test coupon.
Figure 1.3: Necking defects and normal deposition that occur in the rows as polymer
is deposited using FLM.
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(a) FLM PP+CNF15 (wt.%) (b) FLM PP+MA
Figure 1.4: Scanning electron micro-graphs (SEM) of FLM PP+CNF15 (a) and FLM
PP+MA (b) test coupons with defects and good layer to layer polymer diffusion
1.1.8.1 Known FLM Defects
As for other mechanical properties, voids, also called necking (1.3), are
attributable to the significantly reduced mechanical properties in FLM. Necking is
produced by the inability of the FLM extruder to property deposit filament during
the printing process. As a result, cohesion between rows and layers is limited to
normally deposited filament. The degree to which interfacial interaction of
deposited filaments increases is correlated with smaller layer height or print
resolution (mm) and also increases with higher bed or nozzle temperatures [29].
Filament quality also plays a role in dimensional accuracy of FLM test coupons.
Continuous consistency in filament diameter and roundness varies the under or over
filling seen in Figure 1.3. When the filament is smaller or larger than the set
parameters of the printing software, under and over filing occurs. Roundness has a
smaller affect, but defects caused are seen more on the micro-scale. Necking
attributable to inconsistent roundness affects polymer dispersion in a similar way to
under and over filling. These effects are graphically represented in Figure 1.4.
Filament print orientation, ±45°crosshatched vs 0°linear, affects mechanical
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properties. The highest tensile values were reported in samples printed in the
0°orientation (longitudinally); the next best values are close between the ±45°,
0°and 0-90°orientations [28]. Close proximity of the results among varying prints are
related to the interfacial bonding strength, which the author attributes to the lack
of pressure to promote necking reduction in the FLM process.
1.1.8.2 FLM Processing Parameters
Cellulose fiber reinforced filament (compounding) is mostly unexplored except
for the aforementioned author’s work, glass reinforced polypropylene (GRPP).
GRPP printed in the ±45°at 0.2 mm resolution showed results nearing 40 MPa,
about 15 MPa below molded GRPP, and were comparable to compression molded
neat PP samples [28].
1.1.8.3 Post Processing
Thermal treatment, such as annealing, may be necessary to reduce the voids but
a number of parameters like nozzle and bed temperature, layer height, print speed,
row orientation and infill degree will need investigaton to fully address the means of
reducing the size and number of voids to increase mechanical properties. A study on
nucleated PP using varying annealing times showed that impact properties can be
improved without sacrificing tensile properties after 10 minutes of annealing at
125°C [31]. With longer periods of annealing, the elongation at break is reduced
with the increased ductility. The β-PP crystal form is characterized as a linearly
stacked formation, known to toughen PP and annealing allows the mobile chains of
the rapidly crystallizing PP to become more organized.
1.2 Purpose of the Research
This research presents a novel method of additive manufacturing (AM) to print
3-dimensional (3D) objects using a highly useful but challenging to print material.
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This work creates a composite that reduces environmental impact by reducing the
use of petroleum derived products and promotes recycling ready commodity within
industrially innovative settings. My goal is to develop a CNF/PP composite
filament that will eventually lead to mechanically competitive results to the
conventional injection molding (IM) process.
1.3 Thesis Organization
• Chapter 2. Covered in this chapter is the significance and rational of this
thesis and the work therein. The objective of the thesis is also explained.
• Chapter 3. This section describes the materials and methods. The materials
consist of CNFs and PP matrix. The matrix is modified with a maleic
anhydride coupling agent. As for methods, material properties, consisting of
surface qualities, thermal, and mechanical properties and material
characteristics.
• Chapter 4. The results of the material property tests explained in chapter 3
are discussed. Relevant graphics and statistical analysis are also reported and
discussed.
• Chapter 5. Conclusion of the results and discussion section are followed by
recommendations along with future work.
• References. This section shows all literary references by the order they appear.
Links throughout the thesis directs readers to this section.
• Appendix; All the extra pictures, graphs and supporting material are
displayed in this section.
• Biography.
13
Chapter 2
MOTIVATION FOR RESEARCH
2.1 Research Motivation
The research done on injection molded cellulose nano-composites will be applied
and used in 3D printing’s growing economic market. Demand for rapid acquisition
of prototypes and unique parts will produce an available product that can provide
better results and creative freedom for manufacturers and individuals. However,
using only PP to fill this need does not address the environmental concerns
generated with its production. The addition of CNF nanofillers provide potential
cost savings, compared to inorganic carbon fibers, and is inherently environmentally
friendly. A fully developed CNF/PP composite will perform on the same level of
mechanical performance benefits seen with existing compounding methods.
Processing challenges like polymer shrinkage will be mitigated in new components.
The termination of this work will yield a new sustainable material solution for
products manufactured via 3D printing.
2.1.1 Objective of the Research
The objective of this research is to compare FLM and IM processing methods,
explore the mechanical properties when CNFs are added to an impact modified
polypropylene (IMPP) matrix with a coupling agent and make future
recommendations after analyzing the results. Polypropylene is a difficult polymer to
process because of shrinkage. Developing methods that mitigate and manage the
deformation while 3D printing polypropylene will encourage the use of this polymer
for substituting in IM processing and encouraging its use in rapid prototyping. The
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addition of CNF fibers offers a novel material for future innovation in
nano-composites.
2.1.2 Expected Outcomes
Additive manufacturing is being used to explore new solutions in rapid
prototyping. This method drastically reduces the necessary time and cost of
production. The use of polypropylene is growing globally. Currently, it is used less
in FLM because of shrinkage during processing. Researching the shrinkage issue will
add to the material property data foundation associated with the use of
polypropylene. The eventual goal is to increase its use in the rapid prototyping
industry and material science research field.
Automotive leaders, such as Ford Motor Co., are already using AM technologies
to improve their research and development, material explorations and processing
capabilities. Polymer fiber reinforced composites using FLM are potentially scalable
to an industrial setting and the materials used in this study show great potential for
future use in this field. New FLM technologies, employed by Oak Ridge National
Lab (ORNL), like the big area additive manufacturing (BAAM) and large area
additive manufacturing (LAAM) are emerging in use for exploration in production
of automobiles, housing and future design solutions for 3D applications.
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Chapter 3
MATERIAL AND METHODS
3.1 Impact Modified Polypropylene
An impact modified polypropylene copolymer (IMPP) was used as the matrix for
the compounded injection molded and fused layer modeled composite samples. This
polymer was manufactured by Exxon Mobil (PP7414 Akron, OH). This medium
impact strength copolymer was designed for compounding, injection-molded
automotive and consumer applications. The Melt Mass-Flow Rate (MFR) (230 °C
/2.16 kg) of 20 g/10min and has density of 0.900 g/cm3. The tensile yield strength
(51 mm/min), Elongation at Yield (51 mm/min), and Flexural Modulus (13
mm/min) are 22.2 MPa, 6.2% and 1180 MPa, respectively. Notched Izod Impact
values at room temp reached 180 J/m and the Deflection Temperature Under Load
(DTUL) was reported at 85.1°C. The pellets were naturally colored and contained
no added nucleating agents. The polymer matrix was compounded with cellulose
fibers employing a master batch method with a total of 4 thermal processing stages,
shown in Table 3.2, that are further described in the extrusion parameters section.
The addition of a coupling agent (1.3 wt.%) occurred in the first stage.
Table 3.1: Sample codes for the addition of Cellulose Nanofibers (CNF) and Maleic
Anhydride (MA) to Impact Modified Co-polymer (PP).
Sample code Components of PP composite w/w composition
1 Neat PP
2 PP + MA 1.3%
3 PP + CNF 7.5%
4 PP + CNF 15%
5 PP + MA 1.3% + CNF 7.5%
6 PP + MA 1.3% + CNF 15%
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3.1.1 Maleic Anhydride
Maleic anhydride polypropylene (MAPP), in pellet form (Polybond 3200), was
obtained from Chemtura Corporation and used as a coupling agent in the PP/CNF
matrix. The pellets contained 1 wt.% MA and 99% polypropylene. Before
compounding, the batch amount of coupling agent required was determined and a
concentration of 2.7 wt.% was added to the master batch that consisted of 30 wt.%
nanocellulose fibers. After diluting the composite material to the desired cellulose
content, the final concentration was 1.3 wt.% of MA in each sample group
containing coupling agent. Coupling agent (MAPP) was added in the second
extrusion phase after the dilution of 7.5% CNF and the 15% composite. Coupling
agent was added afterwards because neat polymer dilution at the different CNF
levels brought the coupling agent under the targeted 1 wt.% concentration. A 1.3
wt.% level was used to equalize the the 7.5% with the 15% sample groups. The
MAPP pellets were conditioned for 2h at 105°C before compounding.
3.2 Cellulose Nano-fibers
Cellulose nanofibers (CNF) were prepared by diluting a 3 wt.% suspension,
mechanically refined at University of Maine’s Process Development Center (Orono,
ME), to 1 wt.%. A spray dryer (GEA-Niro), located at the Forest Bioproducts
Research Institute (Old Town, ME), was used to dry the diluted 1 wt.% CNF and
99 wt.% deionized water suspension. The spray drying temperature was set to
250°C. CNF suspension entered the drying chamber via a spinning disc atomizer set
to 30,000 RPM and the pump feed rate was set to 0.4 L/min. The outlet
temperature was maintained at approximately 220°C. The machine was run
continuously until all the particles were dried. The cellulose powder was collected
and stored in a temperature and humidity controlled environment until conditioning
them for 2h at 105°C before compounding. The particles were conditioned at 105°C
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for 2h before compounding in the PP matrix. Dried fibers, along with the PP and
MA pellets, were first hand mixed in a plastic bag before feeding them into the
single screw feeder equipped with stirring agitator hopper (C.W. Brabender
Instruments, Inc., So. Hackensack, NJ.). The agitator arms, capped with flat
triangle flanges, agitated the pellets, dispersing them in the CNF, before reaching
the extruder. A coil screw located beneath the rotating agitator was powered and
controlled using the PowerFlex 40 Drive by Allen-Bradley, and fed the pre-mixed
blend into the extruder hopper.
3.3 Master Batch Process
A master batch process was employed to disperse the fibers and MAPP evenly
into the PP matrix [8]. A twin-screw, co-rotating, extruder (C. W. Brabender
Instruments, South Hackensack, NJ) attached to a drive system (Intelli-Torque
Plastic-Corder) was used to compound the composite mixture. This screw L/D
ratio was 40/1 and contained six zones in total. Five of the six zones were employed
for the two mixing phases during compounding and each one was heated to 200°C.
In the primary mixing stage the fiber reinforcement, MAPP and neat polymer were
conditioned and hand mixed so the CNF concentration was 30%; coupling agent was
also added into a separate CNF/PP master batch used to create the sample groups
containing MAPP. Neat PP and MAPP were extruded under the same conditions as
the fiber reinforced material as a control group for fiber loaded and coupling agent
treated sample groups. The 6th zone (spaghetti die) was removed so 10-25g coupons
of extrudate could be collected from the hot end and cooled. These coupons were
placed on a conveyor belt, equipped with a compressed air to cool them to a
temperature of 23°C. A Hellweg MDS 120/150 granulator (Hackensack, NJ),
equipped with a 5 mm sized fence was used to pelletize the cooled coupons at room
temperature.
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Figure 3.1: ABS roller (yellow) and semi-crystalline polypropylene melt during
filament production.
3.3.1 Extrusion Parameters
Temperature settings for the mixing phases were set to 200°C and the third
extrusion phase employed a heating schedule listed in Table 3.2. The composite
pellets were fed at a rate of 1.09 lbs. /hr. and the extruder screw speed was set to
200 rpm. Shear forces were limited during compounding because the upper
threshold of the machines capabilities provided a force of 30 N/m before damaging
the extruder screws. Neat PP and MAPP were shear mixed around 10-15 N/m and
fiber filled materials were mixed at forces reaching 15-20 N/m at the given feed rate
during the mixing phases. With the sixth zone detached from the extruder, pressure
at the hot end was negligible. The sixth zone was attached to use a 3 mm spaghetti
die and during filament extrusion the pressure remained between 200-300 psi. At
that time the screw speed and feed rate were reduced to 60 rpm and 0.54 lbs. /hr.,
respectively.
The molten extrudate was drawn by a puller machine downstream to adjust the
diameter to the desired 2.89 mm size. Filament roundness was manipulated by
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manipulating the heating schedule of the extruder so that upon exiting the hot end,
the polypropylene was semi-crystalline. Crystallinity was detected visually, based on
the opaque appearance. A 3D printed ABS wheel, shown in Figure 3.1, held filament
under water during filament production. If the polymer melt showed necking and
agglomeration, the temperature was increased until no melt discontinuity was
observed. If polymer melt was more translucent than opaque, the temperature was
decreased to allow the polymer to cool before exiting the hot end. This procedure
was used to improve filament roundness in conjunction with consistent diameter.
3.3.1.1 Heating Schedule
During the third stage of the extrusion process, a heating schedule was used to
cool the composite to near crystallization conditions. There were six heating zones
with varying temperatures in each one to achieve the visibly desired semi-crystalline
melt state. The heating schedule from zone 1, closest to the raw material, to zone
six, the 3 mm spaghetti die, is shown in Table 3.2.
Table 3.2: Filament Manufacturing Conditions
Extruder Section (°C) Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
Compounding 200 200 200 200 200 200
Filament Production 187 190 180 175 170 168
3.4 Filament Uptake Device
The filament uptake device is composed of two separate parts. The water cooling
tank’s top is open to the air and contains water, at room temperature (23°C)
through the channel, slightly lower than the filament entrance point, to cool the
material. The tubular channel is equipped with a roller positioned in line with the
filament that is attached to the water tank via a bolt crossing the open channel. The
roller was designed using 3D CAD Design Engineering Software, SolidWorks, with a
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notch made to fit the 3 mm filament. The shape was designed to be round and
reduce flattening of the filament in a molten or semi-crystalline state. An additional
function of this device was to guide the filament down to the water, quenching it as
it cools and keeping the filament relatively strait as it moves down the path.
Figure 3.2: Filament uptake device. The analog dial controls the speed of the two
rollers (red and blue) in contact.
In the second extrusion stage, the pellets were mixed with neat PP to dilute the
composite material to the 7.5 wt.% and 15 wt.% concentrations. Similarly sized
extrudate globules were produced, cooled in the same manner as the first stage and
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pelletized again for the final extrusion stage. The sixth zone with a 3 mm diameter
was reattached for the third and final extrusion stage before sample manufacturing.
The filament produced was then used for FLM part manufacture and the remainder
was pelletized by the Pelletizer (C.W. Brabender Instruments, Inc., So. Hackensack,
NJ) for producing injection molded test specimens.
3.4.1 Processing Memory
Neat polypropylene pellets were extruded the same amount of times as the
master batch materials to ensure the processing steps were maintained across the
test sample groups. Without these similarities in processing steps, the neat group
might have performed better than the compounded samples. The pellets used to
dilute this material were not conditioned prior to the dilution process.
3.4.2 Water Bath and Quenching
The water bath was not warmed during the cooling process and the temperature
was maintained around 23°C. However the water temperature increased to about
30-35°C and a localized heat gradient formed in the beginning of the cooling tank,
nearest the head of the extruder. The remainder of the filament went unguided
through the cooling tank until reaching the drawing piece of the uptake device,
where it is fed to the collection spool.
3.4.3 Drawing Effects
The second portion of the uptake device consists of motors connected to a dual
roller drawing apparatus and a collection spool. This portion is crucial to achieving
filament diameter because the drawing forces occur at the roller after the cooling
tank. At the point which the material reaches the pullers, it is cooled to the point
that it should not be deformed by the forces pushing the rollers together and
gripping the filament. The roller’s speed is adjusted with an analog dial, set to
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32-35 of 100, which sets the rate used to determine the filament diameter. The
take-up spool is attached to a rotating rod and spins to collect the material.
However, when the spool becomes fuller the rotational speed of the collector
increases, which causes tugging on the filament by puller. Washers, that allow the
spool to slip, reduce the dissonance of uptake to collection during filament
collection. Fiber alignment could be affected by this process but additional melting
of the polymer during AM and IM should remove any polymer alignment.
3.5 Injection Molding
Samples were injection molded using a Minijector (Model #50) for comparison
to FLM samples. Sample materials were pelletized using a Pelletizer (C.W.
Brabender Instruments, Inc., So. Hackensack, NJ USA) after the third extrusion
stage and reconditioned at 105°C before the IM process. The injection temperature
and pressure was set to 200°C and 17 MPa, respectively, which allowed the material
to reach a complete melt state before molding. After molding each sample, addition
of more material caused the piston temperature to drop and sample required time
to reach a fully melted state. After the polymer and composite reached melt state,
as indicated by an increase in temperature to about 198°C, another sample was
molded with a holding time of 5s until the proper number of samples were obtained.
The first few IM samples for each sample formulation contained trace amounts of
composite from the parameter set molded before it and were discarded.
3.6 Fused Layer Modeling
3.6.1 3D Printer
A Lulzbot Taz 6 (Aleph Objects, Inc., Loveland, CO USA) was used to produce
the flexure, impact and tension samples by FLM. The build volume is 280 x 280 x
250 mm (11 x 11 x 9.8 in). A LulzBot TAZ single extruder tool head v2.1 with, a
23
0.50 mm nozzle size, printed 3 mm (2.89 nominal diameter ±0.05 mm) filament
with layer thickness ranging from 0.05 to 0.50 mm (0.002-0.020 in). The print bed is
300 x 300 mm borosilicate glass sheet, covered in a polyetherimide (PEI) sheet
adhered to the glass and heated with a 24V silicone heater placed below the glass.
Polypropylene packing tape (TAPIX Packing Tape - 4 Inch X 72 Yard) was used as
an interphase between the PEI surface and the deposited filament to adhere the
copolymer and composite to the PEI layer. The tape layup was positioned to fit two
samples on the 4 inch surface. Before printing, air bubbles were removed from under
the tape by sliding a straight edge over the tape. Print profiles were uploaded to a
secure digital (SD) card and the printer interface was used to print the profiles from
the SD card. Because of the variability of filament produced via the TSE, the
diameter input was adjusted based on the measurement of the filament needed for
the sample to reduce the amount of over and under filling of the extruder during
printing.
3.6.2 Print Software
Cura v21.04 software (Aleph Objects Loveland, CO USA) was used to slice and
print .stl flexure and tensile files used to test mechanical properties. Noteworthy
basic and advanced parameters used to manufacture samples are listed in Table 3.3.
Print time is greatly affected by the layer height, global print and top/bottom speed
and brim amount. In the interest of time, two samples were printed concurrently.
With these given parameters, a single tensile bar sample takes 37 minutes to print,
not including the warm up and cool down time upon printing completion. With an
additional bar, the time is increased to 1h and 14 min, but the amount of time
needed for warm up and cooling down remains constant. Flexure bars take 21 and
42 min for one sample and two samples, respectively. Density values can be input
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Table 3.3: FLM parameters used in Cura 21.04 Software
Quality
Layer Height (mm) 0.3
Shell Thickness (mm) 1.0
Fill
Bottom/Top Thickness (mm) 0.6
Fill Density (%) 100
Speed and Temperature
Print Speed (mm/s) 60
Bottom layer speed (mm/s) 15
Top/bottom speed (mm/s) 45
Outer shell speed (mm/s) 45
Inner shell speed (mm/s) 45
Printing Temp (°C) 200°C
Bed Temp (°C) 120°C
Support
Platform adhesion type brim x10
Filament
Diameter (mm) 2.6*
Flow (%) 100
into the software preferences to better give an estimate in grams of material used for
each print.
3.6.3 Filament
Larger diameter filament feedstock allows for a less accurate tolerance during
printing and reduces the brittleness observed in smaller diameter composite
feedstock with higher fiber content. Two metrics, filament diameter and roundness,
were monitored to determine the filament quality for the FLM process. The
filament diameter upper limit was the nominal limit of the printer (2.89 mm ±0.05
mm) and ideal filament roundness is equal to a ratio of 1. Filament diameter was
calculated by averaging two measurements taken from a horizontal and vertical
cross-section. The same measurement method was used for roundness but
calculated using the equation
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Roundness = Y i−R− a ∗ x ∗ cos(angle)− bxsin(angle ∗ i) (3.1)
The filament cross-section (a) was measured by first taking the diameter then
rotating the calipers at 90 degrees (angle = 360/N) and taking another
measurement (b). The variable (N) represents the number for measurements taken
on the perimeter of the filament. The variable (Y ) is an average of radii measured
by both a = 2 ∗ angle ∗ Y ∗ i ∗ cos(angle ∗ i)/N and b =
2*(angle)*Y*i*sin(angle*i)/N. Processing defects in the filament cause variation in
the measurement, so the printer’s filament size setting was adjusted based on the
variation between diameter and roundness.
3.6.4 Build Environment
The Taz 6 was enclosed by custom 3/4" cardboard box chamber held together
with masking tape (Figure 3.3). The enclosure contained openings for the filament
guide tube, holder, control box to USB cord and front window. The window
contained a completely removable sliding door, covered with translucent plastic,
held to the facade with cardboard rails taped onto the enclosure’s body. Two sides
touched the desktop while the others (front and back) were raised slightly to allow
heat to exhaust from within the enclosure.
The purpose of this enclosure was meant to maintain desired build temperature
during FLM manufacturing. Without the window, the enclosure maintained a range
of 27 to 29°C and with the window attached 35-40°C; an Hg thermometer was used
to measure temperatures. Relative humidity could not be measured within the
enclosure. The lab containing the printer maintained a room temperature of 23°C
while manufacturing FLM samples via central cooling.
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Figure 3.3: FLM Taz 6 3/4" cardboard enclosure with a plastic screen.
3.7 Specific Gravity
Density measurements were made in accordance to ASTM standard D792.
Specimens were conditioned at 23°C and 50 ±10% relative humidity for a minimum
of 40h before testing. An Ohaus Voyager Pro (Ohaus Corporation, Pine Brook, NJ
USA) analytical balance used was used to measure the samples with accuracy to the
nearest ten-thousandth gram. The test setup consisted of using a modified wire to
hook the underside of the balance and secure samples suspended under water. The
samples were measured using deionized water and its temperature during testing
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was 23°C. Mass measurements were taken for the specimen mass in air (a), the
apparent mass of the specimen and segment of the wire holder immersed in water
(b) and the apparent mass of the partially immersed wire (w).Density was
calculated using equation 3.7.
ρf =
a
[(a+ w)− b] (3.2)
The specific gravity samples were recycled from the flexure test specimens not used
in the impact testing. The standard stipulates that each sample thickness must be 1
mm for each gram. Because these specimens were used for impact testing the mass
calculations were less than 3 grams. The standard specifies the mean of
Polypropylene’s specific gravity, tested using Method A, at 0.9007 kg/m3 and the
PP (ExxonMobilPP7414) technical data sheet specifies the density as 0.900 g/cm3.
Tested values of the injection molded samples were 0.8901 ±0.0049 g/cm3 and fused
deposition modeled samples were 0.8873 ±0.0039 g/cm3. The percent difference is
approximately 0.011.
3.8 Flexure Tests
Flexure property measurements were made in accordance with ASTM standard
D790-15E2. An Instron 5966 (Norwood, MA USA) 10kn load cell was used to
perform the mechanical tests. Deflection was measured by the crosshead movement.
Test method Procedure B was used because the materials did not break or yield in
the outer surface within 5.0 % strain limit. Therefore a strain rate of 0.10
mm/mm/min (0.10 in./in./min) was used to test all the samples. The support span
was 51.2 mm and the cross-head movement speed (R, mm/min) is calculated using
the equation:
R = ZL2/6d (3.3)
A testing rate of 14 mm/min was used to apply load to the samples. Samples were
conditioned for 40 hours previous to testing.
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3.9 Tensile Tests
Tensile property measurements were made in accordance with ASTM standard
D638-14. An Instron 5966 (Norwood, MA USA) 10kn load cell was used to perform
mechanical tests. A class B-2 strain gauge extensometer, 50 mm gauge, +50%-5%
max strain (catalog no. 2630-112). An axial clip-on SQR 3 to 6 mm (T1696-1396)
was used to measure extension. A strip of sandpaper secured the clips against the
sample to reduce slippage and as a precaution against damaging the specimen. The
test speed of 50 ±10% mm/min was chosen in accordance with the material TDS
and because of the lack of tensile rupture outside of the specified 0.5-5-min testing
time. Samples were conditioned at least 40h before mechanical testing.
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Chapter 4
RESULTS AND DISCUSSION
4.1 Scanning Electron Microscopy (SEM)
4.1.1 Injection Molding
Injection molded and fused layer modeled samples were analyzed using SEM to
observe the morphological characteristics of the samples. The IM processed Izod
impact strength samples show uniform morphology between the control and
PP+MA samples, seen in Figure 4.1 (a) and (b). The PP+MA+CNF7.5 samples
showed even dispersion of CNF reinforcement and no visible defects in the cross
section of the impact tested sample. The cross section of the PP+MA+CNF15
matrix exhibits a coarser morphology on the outside edges of the cross section.
There does not appear to be concentrations of CNF throughout the cross section as
reinforcement is evenly dispersed. High resolution micrographs show the rubber
phase 4.4 (a-d) in neat. PP+MA and CNF7.5 sample groups. The nano-sized dark
voids, also seen in references [15], [16], are likely localized rubber copolymer that
appears regularly throughout the cross section of the matrix.
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(a) Control (b) PP+MA
(c) PP+MA+CNF7.5 (d) PP+MA+CNF15
Figure 4.1: Scanning electron micrographs of injection molded Izod impact coupons
with the notch; the notch is the top.
4.1.2 Fused Layer Modeling
FLM samples exhibited a highly porous macro-structure (see Figure 4.2 (c) and
(d)). Voids in FLM samples are attributable to incomplete diffusion among layers
during FLM processing [32]. As seen in Figure 4.3, layering consistency is lacking;
Figure 1.3 showed necking defects attributed to over or under-filling of composite
filament. However, the control and PP+MA samples showed excellent polymer
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diffusion through coalesced row and layer interaction. Voids often observed between
layers and rows are almost non-existent in the FLM control Figure 4.2 (a) and small
rounded voids are visible in PP+MA samples (b). Extrusion of the composite
filament created morphological anomalies before FLM processing and are shown in
Figure 4.3. A flattened edge and internal void in the filament are shown in 4.3 (d).
The flattened edge is formed when the molten polymer filament exits the hot end of
the TSE and passes under the pulley holding it underneath the water as it moves
down to the filament winder shown in Figure 3.1. It is thought that the center void
is formed as polymer cools unevenly, and shrinks in the water bath. Both defects
affect the FLM composite density and contribute to voids and the necking defects
observed in 4.3 and 4.4 (e-f). Dispersion of CNF in the polymer matrix appears
concentrated at the build plate side of the test coupon and is visible in Figure 4.3
(a) and (c). The CNF appears to reduce polymeric diffusion between layers and
rows when compared with the neat PP samples, see Figure 4.4. The base of the
FLM processed samples appear to have a higher accumulation of CNF 4.3 (c) and
show more exposed fibers than the above layers. Figure 4.3 (a and c) shows a clear
barrier between each deposited row and fibers protruding into the cavity. In
contrast, sections in 4.4 (a) PP+MA polymer show coalescing among layers about
1-1.5 mm in the bottom left area of the test coupon. Higher magnification SEM
micrographs show nano-meter sized pores in the matrix of the composite, also
observed in the IM micrographs, which is likely the rubber phase of the IMPP.
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(a) Control (b) PP+MA
(c) PP+MA+CNF7.5 (d) PP+MA+CNF15
Figure 4.2: Scanning electron micrographs of fused layer modeling (FLM) Izod impact
test coupons; the notch being in the top view.
4.2 Specific Gravity
Density measurements were averaged among samples in each group and reported
in g/cm3 with standard deviations shown in the error bars (4.5). Injection molded
samples showed an increase in density with the addition of CNF fibers. Previous
literature suggests that lower fiber loading levels in IM composites were better for
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(a) FLM PP+CNF15 (b) FLM PP+MA
(c) FLM PP+CNF15 (d) FLM PP+MA radial view
(e) Composite filament w/ center void (f) FLM PP+MA+CNF7.5
Figure 4.3: Scanning electron micrographs of fused layer modeling Izod impact test
coupons from the side (a-d) with the bottom of the sample on the left, a cross-section
view of composite filament (e) and the voids created in FLM composite samples (f).
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(a) IM Control (b) IM PP+MA
(c) IM PP+MA+CNF7.5 (d) FLM PP+MA+CNF7.5
Figure 4.4: Scanning electron micrographs at higher magnification IM and FLM Izod
test coupons (a-d).
mechanical property improvements [20]. The FLM samples showed a decrease in
density attributable to the amount of voids produced in the internal structure [32].
The coalesced section produced higher density coupons which is visible in the control
sample, shown in Figure 4.2 (a). This explains the high deviation in PP+CNF7.5
and the subsequent decrease in density in the FLM MA+CNF15 wt.% samples.
Filament quality also played an important role in the density of samples. The
result of these filament manufacturing defects inside and out is visible in
micrographs of finished Izod testing coupons shown in Figure 4.4 (b) and in 4.2.
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Each sample group contained internal voids within the filament, but the voids went
mostly undetected in composite samples because CNF reinforcement reduced
transparency. However, the voids were visible in neat PP and PP+MA filaments
because they were opaque. Attempts were made to reduce the internal shrinkage of
filaments during manufacturing. Filling the extruder cooling tank (3.1) with higher
temperature water (up to 80°C) did not reduce internal shrinkage and the filament
voids persisted in the neat PP. Filament manufacturers use an apparatus that
passes molten filament through a circular eyelet without sticking [33]. This would
allow for edge defect free filament, manage filament diameter size and help with the
roundness tolerance. Processing parameters like increasing cooling time in a higher
temperature water bath may aid controlled shrinkage, resulting in less of the
shrinkage effect responsible for the center void produced in the filament, as seen in
Figure 4.3.
Figure 4.5: Density measurements (g/cm3) of injection molded and fused layer
modeled sample groups (bottom).
Noteworthy, is the statistical similarity in the performance of FLM control and
PP+MA sample groups in density as compared to IM processed coupons, shown in
Figure (4.5). Density equality between IM and FLM is seen in Table 4.1. The
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Table 4.1: Significance in density (g/cm3) results by TukeyHSD.a
Level Mean Std. Deviation Letters
IM,15,1.3 0.955 0.005 A
IM,15,0 0.942 0.005 AB
IM,7.5,1.3 0.923 0.005 B
IM,7.5,0 0.916 0.007 BC
IM,0,1.3 0.899 0.005 CD
IM,0,0 0.890 0.008 CD
FLM,0,0 0.887 0.005 D
FLM,0,1.3 0.880 0.005 D
FLM,7.5,0 0.816 0.004 E
FLM,15,0 0.778 0.005 F
FLM,7.5,1.3 0.775 0.004 F
FLM,15,1.3 0.773 0.004 F
aLevels not connected by the same letter are significantly
different by α = 0.05
density difference between processing methods was 0.32% and 2.2% in neat PP and
PP+MA, respectively. The addition or retention of heat energy to increase polymer
diffusion in the melt state while printing increases density in the FLM samples.
Annealing the test coupon after FLM processing can also reduce voids produced by
allowing the rows and layers to coalesce together [34]. However, this requires an
additional processing step for FLM samples and could be affected by PP shrinkage.
Polypropylene, while cooling, exhibits a tendency to shrink during crystallization.
As the linear molecules align, the polymer shrinks and warps the test coupon. A
method designed to improve coalescing of layers while printing could be
advantageous when using the PP matrix to avoid post processing warping.
The voids contributed to lack of dimensional accuracy in FLM processing and
were a result of variably sized filament, internal voids and under or over filling of
FLM rows. Additionally, the compounding of defects occurred as each layer was
farther from alignment in the z-axis direction. Figure 4.4 (a) shows how each layer
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creates an angled sample end during FLM processing. The impact values showed
impact strength decreasing in response with the addition of CNF fibers; Fig. 4.6.
4.3 Injection Molding Mechanical Properties
4.3.1 IM Impact Properties
In the IM impact samples, the COV among the PP+CNF7.5 samples showed the
highest COV at 12.3%; all other groups were between 6.7% and 12.3%. The highest
impact strength was observed in neat PP with 125 J/m and second to it was
PP+MA at 109 J/m. The PP+CNF15 sample group showed the lowest impact
strength at 43 J/m, which was 66% lower than neat PP. The PP+MA+CNF7.5
group results at 87 J/m were 30% weaker than neat PP and outperformed all other
fiber reinforced and MA samples (4.6). References show that decreased impact
strength occurs with the addition of CNF to the IMPP matrix [20]. Fibers act as
crack initiation points when not encapsulated in the samples surface. Increased
fibers increase the ease of crack propagation and reduce the rubbers contribution to
impact resistance [35], [25]. The highest performing IM CNF reinforced group was
MA+CNF7.5. The MA+CNF15 group performed worse than PP+CNF7.5, an
indication of the strength improving coupling agent. The CNF15 group without
coupling agent performed the worse among the IM sample groups.
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Figure 4.6: Injection molding Izod notched impact strength (J/m) results.
4.3.2 IM Tensile Strength
For the IM tensile results, shown in Figure 4.8, the neat PP had a tensile
strength of 19.31 (0.41) MPa. The PP+MA+CNF15 samples showed the highest
strength improvement over neat PP at 8.1% and 21.01 (0.29) MPa. Low tensile
strength values were observed in CNF15 (wt.%) samples. The fiber only
PP+CNF15 composite showed the weakest strength at 18.11 (0.27) MPa, a 6.2%
decrease from the control. The PP+CNF7.5 group performed slightly better than
the CNF15. References proposed a decrease in tensile properties past 10% CNF
content [20]. However tensile strength improvements were seen when MA coupling
agent was added to the composites. The fiber matrix interaction improved tensile
strength in both CNF reinforced groups [8]. The mechanical strength results of neat
and PP+MA+CNF15 groups showed the largest standard deviations (4.8). The
PP+MA+CNF7.5, second to the CNF15 group, strength was 20.59 (0.25) MPa,
6.2% stronger than neat PP. Tensile strength at yield in CNF7.5 and CNF15 wt.%
groups without MA added were 5% and 14% weaker than those with coupling agent
added. Tensile strain at yield data shows coupling agent increased the elongation of
samples until max yield 4.9.
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Figure 4.7: Injection molded stress (MPa) strain (%) of sample groups; each line
represents a single sample.
Figure 4.8: Tensile strength (MPa) and tensile stiffness (GPa) of injection molded
sample groups.
4.3.3 IM Tensile Stiffness
The tensile stiffness increased as a function of fiber content when PP is
compounded with CNF [8,20]. The control stiffness was 1.66 (0.05) GPa and with
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the addition of fibers the stiffness increases, as seen in Figure 4.8. Adding coupling
agent showed a general increase in stiffness across all samples. The lowest
(PP+MA) improvement was 17% and the highest stiffness (PP+MA+CNF15) was
33% stiffer than neat PP. Nanofibers are known to show increases in stiffness with
the addition of fibers up to a 20 wt.% loading level [36]. Increased CNF content
reduces chain mobility because the fiber filler is more brittle than the IMPP
matrix [20]. The stress strain curve 4.7 shows the elastic deformation decrease in
tensile samples with increased CNF loading. The reduced elongation with the
addition of fiber reinforcement is also observable in the strain to yield data 4.9. One
study shows a reduced strain at yield of PE samples using the MB method, which
may also contribute to lower elongation [23]. Tensile stiffness in CNF7.5 and CNF15
wt.% were increased by the addition of MA by 10 and 5.2%, respectively. These
improvements are attributable to the interaction produced during the fiber matrix
surface connections facilitated by MA coupling agent.
4.3.4 IM Strain Behavior
Stress strain curves of single samples are shown in Figure 4.7. Strain at yield
and elongation at break are shown in Figure 4.9. Tensile strain at yield was the
highest in the neat IM polymer sample at 0.03 (0.001) mm/mm. With the addition
of MA and CNF the strain to yield decreased, presumably because of improved fiber
matrix interaction in the composite. The PP+CNF15 showed the smallest strain to
yield of 0.0197 (0.0007) mm/mm, 46% less than neat PP, among the sample
formulations. A large CNF network shows reduced strain at yield because of
restricted chain mobility that is attributable to CNF stiffness [20].
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Figure 4.9: Tensile strain at failure and at yield (mm/mm) of IM samples.
Elongation to break in neat samples was inconsistent in meeting the conditions
set by the ASTM D638 standard, which stated that the test must run for at least 30
seconds and no longer than 5 minutes. Therefore, some neat PP and PP+MA
samples reached a breaking point, while some neat samples elongated for the
duration of the mechanical test without failure. In neat PP, the polymer elongated
0.27 (0.12) mm/mm and PP+CNF15 elongated for 0.13 (0.04) mm/mm; an
elongation difference of 114%. A notable importance to the elongation mechanics is
the large difference from neat to CNF 15 wt.% samples caused by reduced chain
mobility, rubber copolymer matrix effects and the strain hardening effect
attributable to increased CNF (wt.%) content in the IMPP composite
matrix [20] [24].
4.3.5 IM Flexural Strength
The IM flexural strength COVs had lower values. IM strength results showed
COVs of 2% and 8% for the PP+MA+CNF7.5 and PP+CNF15, respectively.
Flexural stress strain curves in Figure 4.11 show the effect of CNF and coupling
agent on elastic and plastic deformation regions. The strain appears relatively
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regular with fiber addition. However, the addition of fibers is known to increase
brittle behavior in CNF composites [20]. The flexural strength results are shown in
Figure 4.10. Compared to neat PP only MA coupling agent samples showed an
increased flexural strength. Coupling agent sample groups showed higher strength
results with the effect of MA on the interfacial interaction between particles and
matrix [8]. The highest flexural strength was 37.8 (MPa) and was seen in
PP+MA+CNF15 samples. The difference between CNF7.5 (33.2 MPa) and CNF15
(32.1 MPa) groups without coupling agent were 9% and 15%, respectively. Coupling
agent in neat PP showed some increase in flexural strength but was negligible.
Rubber impact copolymer reinforcement may interact with coupling agent or
multiple extrusions that increase brittle behavior may be affecting the flexural
strength [24].
Figure 4.10: Flexural strength (MPa) and stiffness (GPa) of injection molded samples.
43
Figure 4.11: Flexural stress strain of injection molded samples.
4.3.6 IM Flexural Stiffness
Figure 4.10 shows a consistent increase in injection molded flexural stiffness. As
CNF content (wt.%) increased, the stiffness increased [8, 20]. The addition of MA
improved flexural stiffness but not significantly. The biggest increase was seen by
the PP+MA+CNF15 group at 1.38 (0.04) GPa, a 20% increase from neat samples
and a 2% increase from CNF15 (1.33 GPa) without coupling agent. The
PP+MA+CNF7.5 was slightly stiffer than the fiber only samples and showed a 5%
improvement. Although coupling agent showed improvements, the CNF
reinforcement was primarily attributable for the increase in stiffness. As mentioned
for the tensile stiffness, fiber loading levels of 20% can increase stiffness results in
bio-based composites [36].
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4.4 Fused Layer Modeling Mechanical Properties
4.4.1 FLM Impact Strength
The neat PP group showed high variability between impact strength results with
the highest COV (26%) among the sample groups, shown in Figure 4.12. This is
likely attributable to the reduced stress bearing sections caused by voids that are
produced in the FLM process [32,37]. High CNF reinforcement percentages are also
attributable to the internal defects seen in the macromolecular structure shown in
Figure 4.2 (c) and (d). The neat PP impact strength (J/m) was the highest of any
of the FLM groups with 106 (J/m). The more CNF fiber reinforcement added, with
and without MA, the lower the impact resistance, as seen in Figure 4.12. References
report that crack initiation is more difficult with an enclosed fiber matrix [12].
However, internal defects caused by the FLM processing create stress concentrations
throughout the composite cross-section. Exposed CNF particles on the surface
promote crack initiation sites. Agglomerated particles inhibit the elastomer’s
capacity to work against crack propagation in the matrix or composites’ cross
sectional area. The worst impact strength was 53 (3.9), by PP+MA+CNF15, and
was 50% weaker than neat polymer. The PP+MA group performed second highest
at 86 (4.4) J/m and the PP+MA+CNF7.5 at 66 (J/m). The coupling agent may
have interacted with the rubber phase of the IMPP, reducing the contribution of
elastomer dampening that is done in the cross sectional area. Sources report
decreased impact resistance with the addition of coupling agent when using the MB
method [23].
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Figure 4.12: Fused layer modeled Izod notched impact strength (J/m) results.
4.4.2 FLM Tensile Strength
Processing using the FLM method yielded good results for tensile strength with
coefficients of variance reaching only 8% in the PP+CNF7.5 mechanical properties.
The remaining groups yielded COVs as low as 1.1% in the PP+CNF15 group and
the remaining groups were within 3% of the highest variance. Injection molding also
produced low variation in tensile strength results among samples in each group. The
largest COV was in the tensile stiffness of PP+CNF7.5 wt.% at 7.3%. All other
sample groups were within the range of 1 to 3% in strength and stiffness.
Stress strain curves in Figure 4.14 show the response CNF and coupling agent
that were processed using the FLM method. The control and PP+MA groups show
a clearly linear elastic deformation region at 0.2 % strain but fiber filled samples
deviate from linearity at 0.1 (%) strain. Figure 4.15 shows strain at yield decreasing
with the addition of CNF and MA coupling agent. The tensile strength (MPa) of
fused layered modeling samples decreased when compared to neat PP (16.09 MPa)
(4.13). The PP+MA group showed a 7.5% increase in tensile strength but reduced
strain at yield. The decline in mechanical strength of FLM samples is likely
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attributable to the density decrease, as seen in Figure 4.5 and the increase in
internal voids between rows and layers [32,37]. As fiber content wt.% increased the
tensile strength of FLM samples decreased. Coupling agent improved strength
results in CNF7.5 and CNF15 groups by 3% and 6% when compared to non-coupling
agent sample groups. A tensile strength reduction in the PP+MA+CNF7.5 and
PP+MA+CNF15 of 15.6% and 15.8% occurred in comparison to neat PP samples.
References support a 20% reduction in mechanical properties as a result of FLM
processing [28]. The FLM process reduced tensile strength is attributable to the
lack of molecular diffusion. The CNF reinforcement slows chain movement in the
IMPP matrix [20]. The printing process is attributable to layering defects as well as
defects attributable to those seen in filament show in Figure 4.3 (d). The result of
these effects is apparent in FLM CNF samples shown in Figure 4.4 (e) and (f).
Figure 4.13: Tensile strength (MPa) and tensile stiffness (GPa) of fused layer modeled
sample groups.
4.4.3 FLM Tensile Stiffness
The tensile stiffness is drastically reduced in FLM samples. Figure 4.14 shows
stress quickly reducing at relatively low strain (%) levels with the addition of CNF
reinforcement. Coupling agent appears to have little effect on FLM tensile stiffness.
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However, in a previous study, the tensile modulus was increased by 36% when
compared to the neat PP [8]. The PP+MA samples showed increases in tensile
stiffness (1.50 GPa) as compared to neat PP (1.43 GPa) (4.13). Reductions in
stiffness were up to 9% in PP+CNF15 and 2.3% in PP+MA+CNF15. There is no
apparent trend in stiffness response among CNF reinforced samples or with the
addition of coupling agent. Because voids persist throughout the entire matrix small
changes in fiber reinforcement and coupling agent are insignificant. The decrease in
mechanical property is consistent with the decreased density values seen in Figure
4.5. The CNF creates voids in the polymer matrix and further reduces polymer
diffusion, especially in concentrated areas. Fibers have a tendency to concentrate in
pockets on rows near the build plate of the 3D printer. This is visible in Figure 4.3
(a). Because of constant heat near the plate, the first two layers coalesce together.
However, once above those layers, a line can be observed between each layer, unlike
neat samples shown in Figure 4.3 (b).
4.4.4 FLM Tensile Strain Behavior
FLM tensile strain at yield was highest in PP+MA+CNF15 samples at 0.05
(0.004) mm/mm, which is 38% greater than neat PP samples as seen in Figure 4.15.
Except for the PP+MA group (0.3% less than neat PP), all other sample groups
show a decreased tensile strain at yield. With the addition of fibers, the composite
becomes more brittle and there is less volume for the extension of the polymer [20].
However, elongation to failure increases with the addition of coupling agent and
CNF reinforcement.
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Figure 4.14: Fused layer modeled tensile stress (MPa) strain (%) curves of sample
groups; each line represents a single sample.
Figure 4.15: Tensile strain at yield and at failure (mm/mm) of FLM samples.
FLM tensile strain at failure exhibited a response unlike the strain at yield.
Strain at break of the sample increases in each sample group as more fiber and
coupling agent is added (4.15). The largest extension at strain to failure is in the
PP+MA+CNF15 group but is unusual because of normal strain hardening effects
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seen in CNF filled IM samples [20]. The differences in strain to failure among
groups containing MA are greater than the difference in groups containing different
amounts of CNF reinforcement. The assumption that MA plays a role in increased
elongation can be made. Elongation of void spaces that elongate until failure
appears consistent with the stress strain curve seen in Figure 4.14 because of the
large plastic deformation area. A more in depth explanation may require further
study.
4.4.5 FLM Flexural Strength
The flexural data obtained from the FLM samples showed reduced mechanical
strength as CNF content increased, and this is shown in Figure 4.16. The PP+MA
(32.93 MPa) was the only group to show a strength increase (4%) as compared to
the control’s strength of 31.7 (0.59) MPa. Samples containing coupling agent
performed worse than the neat sample groups. The reduced density of samples,
internal voids produced from FLM and the deformation defects produced from
dimensional inaccuracy are responsible for the lower mechanical properties. Porosity
and FLM inaccuracy defects are visible in Figure 4.4 (e) and (f). In Figure 4.3 (a
and c), the individual rows are highly distinguishable and show the lack coalescence
among adjacent rows. Better polymer diffusion is detectable in neat PP, pictured in
Figure 4.3 (b). Voids within the filament were produced during manufacturing,
similar to those explained for FLM tensile samples (4.4) and contribute to low
flexural strength seen in CNF reinforced FLM samples. However, among fiber and
MA treated samples, the PP+CNF7.5 group had the highest flexural strength at
26.06 (0.49) MPa but was 18% lower than the control. Similarly, the lack of
polymer diffusion among the layers greatly reduced the flexural strength, even with
the lowest CNF reinforcement wt.%. The CNF composite samples were very brittle
and often broke during testing. The PP+CNF15 (21.9 MPa) and PP+MA+CNF15
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(21.60 MPa) were weaker in flexural strength by 30% and 32%, respectively. Stress
strain curves in Figure 4.17 also show the elastic deformation zones shrink along the
y-axis as CNF fibers are added. The plastic deformation range broadens and the
maximum stress decreases. Highest CNF containing groups, even with MA, resulted
in a large reduction in flexural stress.
Figure 4.16: Flexural strength (MPa) and stiffness (GPa) of fused layer modeled
samples.
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Figure 4.17: Fused layer modeled flexural stress (MPa) strain (%) curves of sample
groups; each line represents a single sample.
4.4.6 FLM Flexural Stiffness
Coefficient of variation in FLM flexural strength varied from as high as 15% in
PP+MA to 2.5% in PP+CNF7.5. FLM stiffness COV reached 23% in PP+MA and
the lowest at 3.7% in PP+MA+CNF7.5. The flexural stiffness of FLM sample
groups are shown in Figure 4.16. The highest performing group showed a flexural
stiffness of 1.17 (0.03) GPa for PP+MA samples. No CNF reinforced groups
surpassed the stiffness of the neat PP or PP+MA samples. The PP+CNF7.5 group
with a flexural stiffness of 0.99 (0.03) GPa showed the highest stiffness. All other
groups were below the PP+CNF7.5 group and steadily declined as CNF
reinforcement increased. Coupling agent in both CNF groups showed results lower
than those without MA. Decrease in stiffness is attributed to voids produced during
FLM processing and like tensile samples, the lack of polymer diffusion. Decreased
chain mobility also contributed to lack of coalescence of adjacent rows and layers.
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4.5 Comparison of IM and FLM
Values reported in the group wise comparison have been normalized using
equation Eq. 4.1. Data represents the values reported in the mechanical analysis
above and the density values are obtained from measuring halves of flexural bars.
Outliers that far exceeded the capabilities of our composite material were removed
from the data sets. Some datasets analyzed with JMP software were determined not
to be in a normal distribution and were then adjusted using a logarithmic
transformation. Other data sets were not determined to be normal before or after
transformations, although the samples set sizes were 6-10 data points and remained
within a tight distribution.
SpecificData = Data/Density (4.1)
Furthermore, it is important to note that the internal voids within the FLM
samples have yet to be characterized and studied. Specific data adjusts the values
without considering what effect those voids produce in the sample. Comparison of
IM and FLM samples is done mainly for observation of the mechanical property
potential between the two processing methods.
4.6 Impact Strength Properties
The comparison of the two processing methods shows a trend where most IM
groups outperform FLM groups; see Table 4.18. The neat PP impact strength is the
strongest sample group among each set with FLM impact strength 15% weaker.
However, the most significant finding is the statistical similarity of IM and FLM
neat PP samples shown in Figure 4.2. Densities of FLM samples were significantly
similar to the IM samples using a Tukey HSD analysis (4.1). These results are
promising for FLM processing with IMPP, especially for prototyping parts. The
FLM CNF15 group provided the only data superior to IM in the same category but
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both groups performed more poorly than the respective control (4.18). Close to the
control data was IM PP+CNF7.5 with 3% weaker impact strength than IM in the
same category and 31% weaker than the IM control. Comparing FLM to IM, most
same category results were at or under 30% weaker than IM samples. The 7.5 and
15% FLM impact strength results were stronger than IM in those two categories.
Additional fiber creates internal voids that reduce the impact strength of CNF
composites [20, 23]. However, with FLM there might be more encapsulation
attributable to polymer diffusion amongst rows and layers. Also likely is improved
fiber alignment with each row that is extruded through the 0.5 mm printer
extrusion nozzle. Encapsulation would reduce impact crack initiation and the
alignment should allow for more impact force distributed on fibers in the CNF
network during crack propagation [35].
Figure 4.18: A comparison of IM and FLM specific Izod impact strength (J/m)
results.
4.7 Tensile Comparison
The strength and stiffness of each sample group was normalized to show specific
mechanical properties using Eq. 4.1. The FLM process produces weaker properties
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Table 4.2: Significance in Izod impact strength (J/m) results by Tukey HSDa.
Level Mean Std. Deviation Letters
IM,0,0 125.0 6.77 A
IM,0,1.3 108.8 4.43 A
FLM,0,0 106.3 4.43 AB
IM,7.5,1.3 86.7 4.14 BC
FLM,0,1.3 86.0 4.43 BC
IM,7.5,0 70.0 5.86 CD
IM,15,1.3 66.4 4.78 CD
FLM,7.5,1.3 66.0 3.71 D
FLM,7.5,0 64.2 3.71 D
FLM,15,0 59.2 4.14 DE
FLM,15,1.3 52.7 3.91 DE
IM,15,0 42.9 4.43 E
aLevels not connected by the same letter are significantly
different by α = 0.05
and the specific data sets were used to compare ideal characteristics between IM
and FLM sample groups. References report [28] the FLM process is known to
reduce mechanical properties by up to 20% of injection molded samples. This is
attributable to voids in the test coupons shown in SEM imaging. Figure 4.4 and 4.3
show the voids produced during the deposition process and the necking that occurs
as a result of inconsistent filament or clogging.
4.7.1 IM vs FLM Tensile Strength
IM Specific tensile strength values were the strongest in at 21 (0.29) MPa
amongst all sample groups. The PP+MA+CNF7.5 was second strongest at 20.59
(0.25) MPa and was statistically similar to the other MA groups. The PP+CNF7.5
group was statistically significant to the MA group and was 7% weaker. The FLM
PP+MA group was 14% and 17% weaker than its respective IM data and the
strongest IM data. Figure 4.19 shows comparisons of IM and FLM strength data.
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Table 4.3: Significance in tensile strength at yield (MPa) results by Tukey HSDa.
Level Mean Std. Deviation Letters
IM,15,1.3 21.01 0.29 A
IM,7.5,1.3 20.59 0.25 AB
IM,0,1.3 20.14 0.27 AB
IM,7.5,0 19.55 0.35 ABC
IM,0,0 19.31 0.41 BC
IM,15,0 18.11 0.27 CD
FLM,0,1.3 17.40 0.27 D
FLM,0,0 16.09 0.27 E
FLM,7.5,1.3 13.92 0.22 F
FLM,15,1.3 13.91 0.23 F
FLM,7.5,0 13.52 0.22 F
FLM,15,0 13.07 0.25 F
aLevels not connected by the same letter are significantly
different by α = 0.05
Figure 4.19: Injection molding and fused layer modeling specific tensile strength
(MPa) comparison.
4.7.2 IM and FLM Tensile Stiffness
The IM PP+MA+CNF15 samples, shown in Figure 4.20 and reported in Table
4.4, were strongest in tensile stiffness at 2.49 (0.03) GPa. The only other sample
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group with significantly similar stiffness was IM PP+CNF15. Based on statistical
analysis, the fiber content is attributable to improved stiffness as a bulk property
characteristic of the addition of CNF reinforcement. The FLM samples closest in
stiffness were PP+MA samples (1.5 ±0.03 GPa) showed 25% lower in the respective
IM category and 40% lower than the strongest modulus of elasticity. Analysis
showed statistical similarity between IM neat PP and FLM PP+MA groups when
comparing processing methods.
Figure 4.20: Injection molding and fused layer modeling tensile stiffness (GPa)
comparison.
4.8 Flexural Comparison
4.8.1 IM and FLM Flexural Strength
Because the IM samples were closer to ideal density conditions while the FLM
samples contained processing defects contributing to lower density, the two
processing method’s data were normalized (Eq.4.1) based on density values shown
in Table 4.1.
Statistical analysis was done to compare the IM and FLM sample groups’
flexural stiffness. The FLM PP+MA group was statistically similar to multiple IM
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Table 4.4: Significance in tensile stiffness (GPa) results by Tukey HSDa.
Level Mean Std. Deviation Letters
IM,15,1.3 2.49 0.03 A
IM,15,0 2.36 0.03 AB
IM,7.5,1.3 2.27 0.03 B
IM,7.5,0 2.04 0.04 C
IM,0,1.3 2.00 0.03 C
IM,0,0 1.66 0.05 D
FLM,0,1.3 1.50 0.03 DE
FLM,0,0 1.43 0.03 EF
FLM,7.5,0 1.39 0.03 EF
FLM,15,1.3 1.38 0.03 EF
FLM,7.5,1.3 1.37 0.03 F
FLM,15,0 1.30 0.03 F
aLevels not connected by the same letter are significantly
different by α = 0.05
Table 4.5: Significance in tensile strain at yield (mm/mm) results by Tukey HSDa.
Level Mean Std. Deviation Letters
FLM,15,1.3 0.047 0.0009 A
FLM,7.5,1.3 0.045 0.0008 AB
FLM,15,0 0.043 0.0009 B
FLM,7.5,0 0.033 0.0008 C
FLM,0,1.3 0.029 0.0010 CD
FLM,0,0 0.029 0.0010 CD
IM,0,0 0.029 0.0015 CDE
IM,0,1.3 0.027 0.0010 DE
IM,7.5,0 0.024 0.0013 DEF
IM,7.5,1.3 0.024 0.0009 EF
IM,15,1.3 0.022 0.0011 F
IM,15,0 0.020 0.0010 F
aLevels not connected by the same letter are significantly
different by α = 0.05
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groups. The IM PP+CNF15 group was statistically similar to the FLM PP+MA
sample group. Additionally the FLM control is statistically similar to IM
PP+CNF7.5, with and without the MA additive, groups. Figures 4.4 and 4.4 show
the loss of flexural strength as a result of FLM processing with high CNF content
(wt.%). Large voids are observed between rows and layers. These defects reduced
the mechanical properties because of lack of CNF dispersion and low density.
However, in both the FLM neat PP and PP+MA groups, the surface quality of the
test coupons was better than the test samples containing CNF. This supposes that
the molecular diffusion of individual rows was much better than the CNF filled
samples. The results could also be explained by the statistical similarity between the
control and PP+MA groups in density data presented in Figure 4.5 and Table 4.1.
IM specific flexural strength data were similar to the results obtained in the
regular data set; see Fig. 4.21. IM processing produces a very dense sample that
contains fewer voids. The lowest and highest specific flexural strengths were seen in
the PP+CNF7.5 and PP+MA+CNF15 groups with 33.2 (2.61) MPa and 37.83
(0.63) MPa, respectively. The FLM PP+MA data showed the highest result
amongst FLM processing group wise comparison and was 5% and 13% weaker than
its respective and strongest IM sample, respectively. Neat and PP+MA FLM
sample groups were statistically similar to the respective IM groups.
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Table 4.6: Significance in flexural stress (MPa) results by Tukey HSDa.
Level Mean Std. Deviation Letters
IM,15,1.3 37.83 0.63 A
IM,7.5,1.3 36.55 0.55 AB
IM,0,1.3 34.78 0.59 BC
IM,0,0 34.33 0.90 ABCD
IM,7.5,0 33.22 0.78 CD
FLM,0,1.3 32.93 0.59 CD
IM,15,0 32.06 0.59 CD
FLM,0,0 31.69 0.59 D
FLM,7.5,0 26.06 0.49 E
FLM,7.5,1.3 23.06 0.49 F
FLM,15,0 21.88 0.55 F
FLM,15,1.3 21.60 0.52 F
aLevels not connected by the same letter are significantly
different by α = 0.05
Figure 4.21: Comparison of IM and FLM specific flexural strength (MPa).
The samples in this dataset were not normal at a p < 0.05 confidence interval.
After a Shapiro-Wilks analysis, the data fit a normal distribution plot with a
p-value of 0.01. A couple data points were removed because of obvious outliers’
values that reached +10 MPa of the average. Once the data were adjusted, the
values became normal at a 0.05 confidence interval. The analysis results presented
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in Table 4.7 was a result of the non-transformed data set. The lack of response in
FLM samples containing CNF reinforcement and MA coupling agent showed little
to no significant difference from the neat samples.
4.8.2 IM and FLM Flexural Stiffness
The flexural stiffness trends described for the unmodified data were the same;
see Fig. 4.21. The sample groups with the highest stiffness were in
PP+MA+CNF15 and PP+CNF15 at 1.41 (0.09) GPa, respectively. Values are
similar to the untransformed data set as the accuracy of IM processing yields highly
dense composites.
Figure 4.22: Comparison of IM and FLM specific flexural stiffness (GPa).
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Table 4.7: Significance in flexural stiffness (GPa) results by Tukey HSDa.
Level Mean Std. Deviation Letters
IM,15,1.3 1.38 0.04 A
IM,15,0 1.33 0.03 AB
IM,7.5,1.3 1.28 0.03 ABC
IM,7.5,0 1.21 0.05 ABC
FLM,0,1.3 1.17 0.03 BC
FLM,0,0 1.16 0.03 C
IM,0,1.3 1.14 0.03 CD
IM,0,0 1.10 0.05 CD
FLM,7.5,0 0.99 0.03 DE
FLM,15,0 0.88 0.03 EF
FLM,7.5,1.3 0.83 0.03 F
FLM,15,1.3 0.82 0.03 F
aLevels not connected by the same letter are significantly
different by α = 0.05
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Chapter 5
CONCLUSIONS
The material property results obtained for the neat and PP+MA samples are a
progressive foundation to build on for future work in AM manufacturing with FLM
processing of impact modified polypropylene copolymer. Voids produced during PP
composite filament manufacturing needs attention to reduce this characteristic
processing defect. Mechanical properties were generally lower for FLM processing
and will require further refinement. Additional processing steps such as annealing or
refining the filament production process may address the complications observed
with the FLM method. IM processing showed increased strength with the addition
of coupling agent and improved stiffness with the addition of CNF reinforcement.
• During production of FLM filament, internal voids caused by shrinkage of
IMPP coupled with deformation related to increased CNF content created a
dissonance in comparison of FLM and IM processed samples. In FLM
processing the dimensional inaccuracy observed in completed samples was
difficult to overcome with the chosen parameters. Although these voids persist
with the given parameters, extruding molten filament, managing polymer
cooling and reducing physical interaction with the uptake device may reduce
internal voids produced in filament processing.
• Density of IM and FLM neat and PP+MA sample data were statistically
similar.
• Impact strength of FLM neat PP was statistically similar to the IM samples.
Comparison of IM and FLM CNF reinforced impact results were significantly
less than neat samples. Small changes in formulation among sample groups
appear insignificant because of the network of internal voids made by adding
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CNF reinforcement in FLM samples. Poor performance in CNF reinforced IM
samples are attributable to decreased stress transfer in the impact modified
polypropylene’s rubber phase and incomplete particle encapsulation that
promoted crack initiation points in the composite samples.
• Strain at yield results for IM samples showed a decrease in strain with the
increased CNF (wt.%) reinforcement. However, FLM samples showed an
increased strain with increased CNF reinforcement; an unusual result, likely
attributable to the transfer of stresses throughout the void network observed
in FLM composite samples.
• Although the FLM MA+CNF samples performed worse than the respective
IM mechanical property categories, up to 15% CNF (wt.%) loading level can
be processed using medium to high MFI polymers in FLM.
5.1 Recommendations for Future Work
Future work is divided into further development of the filament manufacturing
process and improving the dispersion throughout the production of FLM
composites. Defects can be reduced by making improvements to dimensional
accuracy using print process parameters.
• During filament production the most important obstacle is maintaining
consistent filament diameter. Second to the diameter is maintaining an aspect
ratio tolerance within a couple hundredths of a millimeter above 1 mm.
Inconsistent filament size produces FLM necking defects because of over or
under filling. The result leads to reduced mechanical properties in FLM
processed coupons. The inconsistent deposition is also attributable to
dimensional inaccuracy and internal voids that affect polymer dispersion in
the CNF composites. This array of defects reduces FLM coupon density.
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Highly accurate filament production will lead to improvements to mechanical
properties in FLM samples.
• Dispersion of CNF through the polymer matrix will improve mechanical
stiffness by providing more CNF surface area contact to the polymer.
Utilization of reactor flakes or a powder matrix should improve the dispersion
of the CNF before melt compounding. Adding MA as a coupling agent during
a second phase to create an interphase between the CNF and polymer matrix
improves the composites strength. The master batch extrusion process is
highly useful, but the number of extrusion cycles should be limited because of
the possibility of CNF degradation. This is an important challenge to consider
when producing filament and subsequently printing components with FLM
which adds an additional melt extrusion step.
• FLM sample groups containing 7.5 and 15% CNF performed worse than the
neat PP and PP+MA sample groups. Identifying the effect of CNF
reinforcement (wt.%) in quantities less than 7.5% will determine if the fibers
are attributable to high porosity in FLM processed samples. Using less CNF
reinforcement and changing printing parameters like print speed (over and
under filling) can improve FLM processed sample density.
• Proper polymer matrix selection plays a large role in processing capabilities of
CNF composites with FLM. Current limitations to FLM processing are
related to polymer melt flow. Adjustments to melt flow index of the polymer
can address this problem. Shrinkage is a major factor in choosing which
polymer to use for compounding. Lower viscosity polymers are difficult to
process using FLM. However, with the addition of CNF viscosity slightly
increases and crystallite size, which affects PP shrinkage, is affected as fiber
content changes. However, using PP tape on the FLM build plate allows for
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printing of polymers with higher rates of shrinkage. An isotactic or PP homo
polymer may shrink more but should also stay adhered to the printers build
plate via the PP tape.
• Finally, investigating larger FLM printer nozzle sizes should be investigated.
Larger nozzles, like 1.2 mm instead of 0.5 mm, should reduce clogging of
agglomerated CNF composite during printing. The result is hypothesized to
reduce defects seen in interaction between the rows and the layers below. The
intended goal is improved polymer diffusion in composite test coupons. A
drawback however, is increased surface roughness and a reduction in high
resolution that produces higher quality parts. Additionally, a study should be
conducted using an enclosure with convection like temperature control. This
will help determine if an in-situ heating arrangement is beneficial for polymer
diffusion of FLM samples.
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APPENDIX
APPENDIX A
A.1 Density
Figure A.1: Box-Cox analysis in JMP software for Density data. This analysis was
used to determine which transformation could create a normal distribution in Density
data.
Figure A.2: Distribution model of Density data in JMP software.
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Figure A.3: Distribution model of transformed density data. Transformation was
determined by using the Box-Cox analysis and a 1/x2 transformation was used.
A.2 Impact Strength
Figure A.4: Distribution model of impact strength data in JMP software.
Take note in A.4 that the data is not normal. Normality was calculated with a
Shapiro-Wilks normality test.
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Figure A.5: Single effect of IM/FLM processing method, CNF and MA (wt.%) on
impact strength data.
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Figure A.6: Paired comparison of IM/FLM processing method and CNF (wt.%) effect
on impact strength data
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Figure A.7: Paired comparison of IM/FLM processing method and MA (wt.%) on
impact strength data.
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Figure A.8: Paired comparison of CNF and MA (wt.%) effect on impact strength
data
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Figure A.9: Combined effect of processing method, CNF, MA (wt.%) on impact
strength data.
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A.2.1 Neg sqrt transformation Impact Strength
Figure A.10: Distribution model of transformed impact strength data.
Transformation was determined by using the Box-Cox analysis and a 1/x2
transformation was used.
After the 1/2 transformation used on the impact strength data. The data
became normal. Further analysis was run on this data to determine the significance
of the results.
Figure A.11: Transformed impact strength data. Single effect of IM/FLM processing
method, CNF and MA (wt.%) on 1/x2 transformed impact strength.
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Figure A.12: Paired comparison of IM/FLM processing method and CNF (wt.%)
effect on 1/x2 transformed impact strength data.
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Figure A.13: Paired comparison of IM/FLM processing method and MA coupling
agent (wt.%) effect on 1/x2 transformed impact strength data.
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Figure A.14: Paired comparison of CNF and MA (wt.%) effect on 1/x2 transformed
impact strength data.
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Figure A.15: Combined comparison of IM/FLM processing method, CNF and MA
(wt.%) effect on 1/x2 transformed impact strength data.
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A.3 Tensile Strength
A.3.1 Stress at Yield
Figure A.16: Distribution of tensile stress at yield data. Normality was determined
using a Shapiro-Wilks test.
Figure A.17: Box-Cox analysis of tensile stress at yield data.
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Figure A.18: Distribution of x2 transformed tensile stress at yield data. Normality
was determined using a Shapiro-Wilks test.
A.3.1.1 Single and Paired Comparisons (LSM)
Figure A.19: Single effect of variables on tensile stress at yield data.
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Figure A.20: Paired comparison of the IM and FLM processing method and CNF
(wt.%) effect on tensile stress at yield data.
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Figure A.21: Paired comparison of IM and FLM processing method and CNF (wt.%)
effect on tensile stress at yield data.
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Figure A.22: Paired comparison of CNF and MA (wt.%) effect on tensile stress at
yield data.
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Figure A.23: Combined effect of IM and FLM processing method, CNF and MA
(wt.%) effect on tensile stress at yield data.
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A.3.2 Stress at Break
Figure A.24: Distribution of tensile stress at break data. Normality was determined
using a Shapiro-Wilks normality test.
The Shapiro-Wilks normality test shows this data is normal without a
transformation.
Figure A.25: Box-Cox analysis of tensile stress at break data.
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A.3.2.1 Single and Paired Comparison using LSM
Figure A.26: Single effect of IM/FLM processing method, CNF and MA (wt.%) on
tensile stress at break data.
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Figure A.27: Paired comparison of IM and FLM processing method and CNF (wt.%)
effect on tensile stress at break data.
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Figure A.28: Paired comparison of IM and FLM processing method and CNF (wt.%)
effect on tensile stress at break data.
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Figure A.29: Paired comparison of CNF and MA (wt.%) effect on tensile stress at
break data.
97
Figure A.30: Combined effect of processing method, CNF and MA (wt.%) on tensile
stress at break data.
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A.4 Tensile Stiffness
Figure A.31: Distribution of tensile stiffness data. Normality was determined using
Shapiro-Wilks normality test.
Figure A.32: Box-Cox analysis of tensile stiffness data.
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A.4.1 Single and Paired Comparison using LSM
Figure A.33: Single effect of IM/FLM processing method, CNF and MA (wt.%) on
tensile stiffness data.
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Figure A.34: Paired comparison of IM/FLM processing method and CNF (wt.%)
effect on tensile stiffness data.
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Figure A.35: Paired comparison of IM/FLM processing method and MA (wt.%) effect
on tensile stiffness data.
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Figure A.36: Paired comparison of CNF and MA (wt.%) effect on tensile stiffness
data.
103
Figure A.37: Combined comparison of IM/FLM processing method, CNF and MA
(wt.%) effect on tensile strength data.
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A.5 Tensile Strain
A.5.1 Tensile Strain at Yield
Figure A.38: Distribution of tensile strain at yield data. Normality was determined
using a Shapiro-Wilks normality test.
Figure A.39: Box-Cox analysis of tensile strain at yield data.
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A.5.2 Tensile Strain at Break
Figure A.40: Box-Cox analysis of tensile strain at break data.
Figure A.41: Distribution of tensile strain at break data. Normality was determined
using a Shapiro-Wilks normality test.
106
A.6 Flexural Strength
A.6.1 Distribution Analysis
Figure A.42: Distribution of flexural strength data. Normality was determined using
a Shapiro-Wilks normality test.
Figure A.43: Box-Cox analysis of flexural strength data.
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A.6.2 Single and Paired Comparison using LSM
Figure A.44: Single effect of IM/FLM processing method, CNF and MA (wt.%) on
flexural strength data.
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Figure A.45: Paired comparison of IM/FLM processing method and CNF (wt.%)
effect on flexural strength data.
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Figure A.46: Paired comparison of IM/FLM processing method and MA (wt.%) effect
on flexural strength data.
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Figure A.47: Paired comparison of CNF and MA (wt.%) effect on flexural strength
data.
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Figure A.48: Combined comparison of IM/FLM processing method, CNF and MA
(wt.%) effect on flexural strength data.
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A.7 Flexural Stiffness
A.7.1 Distribution Analysis
Figure A.49: Distribution of flexural stiffness data. Normality was determined using
a Shapiro-Wilks test.
Figure A.50: Box-Cox analysis of flexural stiffness data.
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A.7.2 Single and Paired Comparison using LSM
Figure A.51: Single effect of IM/FLM processing method, CNF and MA (wt.%) on
flexural stiffness data.
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Figure A.52: Paired comparison of IM/FLM processing method and CNF (wt.%)
effect on flexural stiffness.
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Figure A.53: Paired comparison of IM/FLM processing method and MA (wt.%) effect
on flexural stiffness data.
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Figure A.54: Paired comparison of CNF and MA (wt.%) effect on flexural stiffness.
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Figure A.55: Combined comparison of IM/FLM processing method, CNF and MA
(wt.%) effect on flexural stiffness data.
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A.8 Specific Data Results
Figure A.56: Fused layer modeled specific Izod notched impact strength (J/m) results.
Figure A.57: Injection molding specific Izod notched impact strength (J/m) results.
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Figure A.58: A comparison of IM and FLM Izod impact strength (J/m) results.
Figure A.59: Specific tensile strength (MPa) and tensile stiffness (GPa) of injection
molded sample groups.
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Figure A.60: Specific flexural strength (MPa) and stiffness (GPa) of injection molded
samples.
Figure A.61: Injection molding and fused layer modeling tensile strength (MPa)
comparison.
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Figure A.62: Specific flexural strength (MPa) and stiffness (GPa) of fused layer
modeled samples.
Figure A.63: Injection molding and fused layer modeling specific tensile stiffness
(GPa) comparison.
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Figure A.64: Specific tensile strength (MPa) and tensile stiffness (GPa) of fused layer
modeled sample groups.
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